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ABSTRACT
We present high resolution ALMA observations of the CO(3-2) and 350 GHz
continuum emissions of the debris disc of 49 Ceti, known to be particularly rich in
molecular gas in spite of its age. The main new results are: i) both CO and dust
discs share a same position angle and a same inclination but the gas disc is more
homogeneous, more central and thinner than the dust disc; ii) evidence is obtained
for a significant deficit of observed CO(3-2) emission at Doppler velocities differing
from the star systemic velocity by less than 1 kms−1; iii) gas velocities are accurately
measured and found Keplerian over a broad range of disc radii; iv) the observed CO(3-
2) line width is dominated by Keplerian shear and upper limits are obtained to the
intrinsic line width. Simple phenomenological models of both CO(3-2) and 350 GHz
continuum emissions are presented, requiring the use of only very few parameters. The
results are discussed in the frame of currently favoured models.
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1 INTRODUCTION
Recent observations of 49 Ceti have established that it is
a bright debris disc, seen close to edge-on, surrounding a
single A1V star at a distance of 59±1 pc from the Sun
(van Leuwen et al. 2007). The evidence for it being a debris
disc is obtained from its age and from the properties of the
dust. Its age, first evaluated from standard evolution mod-
els, is now obtained from the identification of the central star
as a member of the Argus association, in the 40 Myr range
(Zuckerman & Song 2012). The disc is very dusty and its
spectral energy distribution (SED), implying a dust mass of
∼0.3 Earth masses (Wahhaj et al. 2007), suggests the pres-
ence of two components forming a cold (50 to 100 K) outer
and a warmer (150 to 200 K) inner discs (Wahhaj et al. 2007;
Hughes et al. 2008; Roberge et al. 2013). Contrary to stan-
dard debris discs, which have lost their gas after a few Myr
of age, 49 Ceti is seen to contain an important amount of
carbon monoxide (CO), exceeding 2×10−4 Earth masses,
from millimetre/sub-millimetre observations of the emis-
sion of molecular rotational states, CO(2-1) and CO(3-2).
Early observations (Zuckerman et al. 1995; Dent et al. 2005)
have been followed by higher resolution Sub-Millimetre Ar-
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ray (SMA) observations (Hughes et al. 2008) giving evi-
dence for a rotating ring with a central hole interpreted
as resulting from UV dissociation from the central star. 49
Ceti shares the peculiarity of containing significant amounts
of CO gas with four other debris discs having an age
equal or superior to 5 Myr: β Pictoris (Ferna´ndez et al.
2006; Dent et al. 2014), HD 21997 (Moo´r et al. 2011, 2013;
Ko´spa´l et al. 2013), HD 141569 (White et al. 2016) and
HD 131835 (Moo´r et al. 2015). It has been suggested that
its CO component, as well as part of its dust, are not pri-
mordial but the result of multiple collisions of small CO-
rich comet-like objects (Zuckerman & Song 2012), reminis-
cent of the Kuiper Belt in the solar system, and having a
total mass of the order of 400 Earth masses. Such an inter-
pretation is qualitatively supported by recent observations
of variable emission from fast grazing comets near the star
(Miles et al. 2016). Far-UV observations along the line of
sight pointing to the star (Roberge et al. 2014) using the
Hubble Space Telescope (HST) have given evidence for the
presence of absorption lines from atomic species, in partic-
ular C and O, and for the absence of CO absorption lines.
This is interpreted as the disc having an inclination i with
respect to the line of sight large enough for the star to be
seen though the central hole of the CO disc, while atomic
© 2017 The Authors
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species are still present much closer to the central star (see
also Montgomery et al. 2012).
2 OBSERVATIONS AND DATA REDUCTION
Emission from 49 Ceti was observed by ALMA on 14th
November 2013 (project code: 2012.1.00195.S, PI: M.
Hughes) during 39 minutes on both continuum (width of
15.016 MHz, from 342.994 to 358.010 GHz) and 12CO(3-2)
line. It used 28 antennas with maximal baseline of 1284.3 m
and minimal baseline of 17.3 m. The data were reduced
by the ALMA staff in 2015 and published on JVO portal
(http://jvo.nao.ac.jp/portal). We have checked the quality
of data reduction and found it unnecessary to make changes.
The present article makes no attempt at producing a phys-
ical model of the emission but simply at proposing a model
of the de-projected morphology and kinematics of the disc.
Considerations such as our using clean map rather than dirty
map quantities are therefore unimportant. The acceptance
loss associated with the primary beam is only ∼5% at a dis-
tance of 2 arcsec from the star but the effect of the lack
of short baselines (zero-spacing problem) is much larger: the
maximal recoverable scale is evaluated to be 6.2 arcsec. Com-
bining both effects and approximating the loss of acceptance
at large distances by a Gaussian having a full width at half
maximum (FWHM) of 5.7 arcsec, we obtain crude estimates
of the effect. In what follows, as most of the results of the
present study are largely independent from the acceptance
at large distances, we mention these estimated corrections
only when sufficiently pertinent.
The continuum data are presented in a grid of
360×360 pixels, each 0.1×0.1 arcsec2. The beam is
0.56×0.43 arcsec2 FWHM with a position angle of
88.6◦. Figure 1 (left) displays the intensity distri-
bution. A Gaussian fit of the noise gives a mean
value of 5.6×10−5 mJy beam−1 and an rms value of
0.055 mJy beam−1.
The 12CO(3-2) data are continuum subtracted and pre-
sented, as the continuum data, in a grid of 360×360 pixels,
each 0.1×0.1 arcsec2. The beam is 0.50×0.38 arcsec2 FWHM
with a position angle of 83.7◦. Figure 1 (right) displays the
intensity distribution. A Gaussian fit of the noise gives a
mean value of −1.74×10−4 mJy beam−1 and an rms value
of 8.8 mJy beam−1. Data cube elements are given in 650
bins of velocity, each 0.053 km s−1 wide, covering between
−14.6 and 19.8 km s−1 with origin at 2.78 km s−1 corre-
sponding to the systemic velocity. The spectral resolution is
evaluated as 0.1 km s−1 (two velocity bins) by the ALMA
staff.
3 CONTINUUM AND CO(3-2) EMISSION:
MAIN FEATURES
3.1 Morphology
Figure 2 displays the sky maps of the continuum emission
(upper panel, 1-σ cut) and of the velocity integrated CO(3-2)
emission (lower panel) limited to the central 8×2 arcsec2 re-
gion that covers well the disc emission. In the CO case we use
a 1-σ cut, meaning 14.6 mJy beam−1 km s−1, on the veloc-
ity integrated intensity. We have checked that using stronger
Figure 1. Distribution of the continuum (left panel) and CO(3-2)
(right panel) intensities.
Figure 2. Upper panel: cleaned sky map of the continuum emis-
sion (Jy beam−1). Lower panel: cleaned sky map of the CO(3-2)
emission (Jy beam−1 kms−1). Note the different x and y scales.
The coordinate axes have been rotated as described in the text
and shown by the arrow in the figures. The beams are shown in
the lower left corners. One arcsec corresponds to 59 au.
cuts, such as 2-σ and 3-σ, does not significantly affect any
of the conclusions presented in the remainder of the article.
For convenience, we use a frame of reference shifted west
by 0.02 arcsec (where the dip in the gas intensity distribu-
tion peaks) and rotated clockwise by 17.5◦. This value of the
position angle was found to maximize the symmetry of the
observed intensity with respect to the disc mid-plane when
considering the line and continuum data jointly. This frame
of reference is used throughout the remainder of the article;
the rotated west axis is labelled x, the rotated north axis is
labelled y and the z axis points along the line of sight away
from Earth.
Figure 3 provides a more detailed picture, with y profiles
being displayed for different intervals of x. Remembering
that both continuum and line data are observed with similar
beam sizes (respectively 0.43 arcsec and 0.38 arcsec FWHM
MNRAS 000, 1–15 (2017)
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Figure 3. Continuum (black) and CO(3-2) (red) emission: y-
distribution of the intensity for various 0.3 arcsec wide intervals
of x, in succession from the lower left corner to the upper right
corner, starting at [−3.15 arcsec, −2.85 arcsec] and ending at
[2.85 arcsec, 3.15 arcsec]. The central value of x is inserted in
each panel. The curves have been normalized to a common area
for convenience by scaling the continuum data up by a factor 620.
Figure 4. Distribution of the observed intensity over x (left)
and over y (right) for continuum (black) and CO(3-2) (red) emis-
sions. The curves have been normalised to a common area for
convenience by scaling the continuum data up by a factor 620.
in y), we see that the emission of the dust disc extends sig-
nificantly farther out in y than the emission of the gas disc,
with respective deconvolved FWHM values of 0.79 arcsec
and 0.53 arcsec. A priori, we do not know whether this dif-
ference is due to different inclination angles or to different
extensions out of the disc mid-planes or both. Both distri-
butions are very well centred on the origin, to better than
0.5 au. The smooth regularity of the gas emission contrasts
with that of β Pictoris (Dent et al. 2014), with which 49 Ceti
is often compared, and with the somewhat lumpy emission
of the dust.
Figure 4 shows that gas emission extends radially to
only ∼3 arcsec while dust emission extends farther out, up
to ∼4 arcsec. Correcting for the loss of acceptance associated
with the zero-spacing problem by using the Gaussian form
of the acceptance introduced in Section 2 would increase the
FWHM of the radial distributions of the line and continuum
by 11+6
−3% and 18
+7
−5% respectively, amounting to ∼0.3 and
∼0.5 arcsec. The detailed morphologies of the central disc
cavities are not immediately visible on the sky projections
and the evaluation of their sizes requires de-projection of the
images; however, while the dust data display a broad and
shallow central depression, as expected from an azimuthally
symmetric disc, the gas data display a narrower and deeper
central dip. Over the x range, the mean values of the dis-
tributions shown in Figure 3 fluctuate between ±0.03 arcsec
for the gas and ±0.05 arcsec for the dust; the rms values
fluctuate between 0.55 and 0.70 arcsec for the gas and 0.80
and 1.05 arcsec for the dust.
3.2 Gas kinematics
The Doppler velocity (meaning the component Vz of the ve-
locity on the line of sight) spectrum, measured for CO(3-2)
emission and integrated over the source, displays a double-
horn structure, suggesting that the source is in rotation (Fig-
ure 5, upper-left panel). The origin of the Doppler velocity
scale is set at systemic velocity (2.78 km s−1) and is dis-
cussed below. Evidence for rotation is also clearly seen on
the sky map of the mean Doppler velocity, of which the cen-
tral part, 2×2 arcsec2, is displayed in the upper-right panel
of Figure 5. The map is symmetric with respect to the x axis
and antisymmetric with respect to the y axis and does not
reveal any significant anomaly. However, typical line profiles
of rotating discs display a central depression significantly
shallower than observed here, with a peak to valley ratio
of order 2 (see for example Ko´spa´l et al. 2013 for the case
of HD 21997); here, the peak to valley ratio is ∼5 and the
valley, rather than being flat as for typical rotating discs,
is deep and narrow over a velocity range of some 2 kms−1.
Note that the relative depth of the valley is independent
from inclination, all velocity bins being scaled by a common
cos(i) factor.
Figure 5 (lower-left panel) displays the dependence on x
of the maximal absolute value of the Doppler velocity in the
row of central pixels (y=0). Assuming circular orbits with
velocities independent from azimuth, this is equal to the
rotation velocity multiplied by the cosine of the inclination
angle (close to unity). Very good fits to the distributions
observed for x>0 and x<0 are obtained assuming a power
law dependence of the velocity on radius, with respective
values of the power index n>0=−0.47 and n<0=−0.51 and
a rotation velocity of ∼6 kms−1 at a distance of 1 arcsec
from the star. This provides excellent evidence for Keplerian
(n = − 1
2
) rotation for radii in the [0.5 arcsec, 3.5 arcsec]
interval (30 au to 210 au). At radii significantly smaller than
∼0.5 arcsec (∼30 au), such a simple approach fails.
Figure 5 (lower-right panel) displays the Doppler ve-
locity distribution measured along the y axis (x=0 column
MNRAS 000, 1–15 (2017)
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Figure 5. Kinematics of CO(3-2) emission. Upper-left panel: measured distribution (blue) of the Doppler velocity for pixels having
|x|<3.6 arcsec and |y|<1 arcsec. The red histogram is obtained by symmetry about the origin, meaning that the flux density measured
for a Doppler velocity Vz is plotted at −Vz . Upper-right panel: Map of the mean Doppler velocity in the 20×20 central pixels. Lower-
left panel: distribution of maximal absolute velocities (km s−1) over |x| for central (y=0) pixels. Red is for red-shifted (x>0) and blue
for blue-shifted (x<0). The lines are power-law fits with respective power indices −0.47 and −0.51. Lower-right panel: Distribution of
intensity over Doppler velocity for the central (x=0) pixels. The line is a Gaussian fit.
of pixels). A Gaussian fit excluding the small bumps near
velocities of ±2 kms−1 gives an rms value of 0.68 km s−1
and a mean velocity of 0.08 kms−1, meaning 2.86 km s−1
as the origin of the velocity scale is 2.78 kms−1. It
corresponds to 12.00 km s−1 in heliocentric coordinates
when using an offset of 9.14 kms−1 to convert to the lo-
cal standard of rest (LSR). We note that Hughes et al.
(2008) use instead a value of 3.06 km s−1 and that
Roberge et al. (2014) detect [CI] at 2.45±0.40 kms−1 and
[OI] at 1.86±0.33 kms−1 and 3.46±0.70 kms−1. A warm
local cloud is present on the line of sight with a veloc-
ity of 1.86±1.3 kms−1(Redfield & Linsky 2008). In case of
pure rotation on circular orbits, the distribution is expected
to be centred at the origin and its dispersion should mea-
sure the spectral resolution, including broadening effects due
to temperature and/or turbulence. The rms value of 0.68
kms−1, meaning a FWHM value of 1.6 kms−1, is equal to
the Doppler broadening parameters measured at FUV fre-
quencies by Roberge et al. (2014) for [CI] and [OI] between
1.3 and 1.8 km s−1. Deviations from such behaviour would
signal radial velocities such as outflows or in-fall. The small
bumps near velocities of±2 kms−1 are associated with y ∼0.
4 PROPERTIES OF THE CO(3-2) EMISSION
4.1 Integrated intensity of the CO(3-2) emission
We evaluate the integrated intensity of the CO(3-2) emission
by summing over all pixels exceeding 3 σ’s, accounting for
the Gaussian beam profile and correcting for lower contribu-
tions by extrapolating under the noise using the distribution
displayed in Figure 1, giving 7.1±0.4 Jy kms−1. The correc-
tion for the loss of short spacing cannot be reliably evaluated
but is estimated, as described in Section 2, at the level of
+1.6 Jy kms−1. In addition, a normalization uncertainty of
∼10% associated with the calibration of the absolute flux
must be taken in account. The result is in good agreement
with the single dish value of 9.5±1.9 Jy kms−1 obtained by
Dent et al. (2005) using the James Clerk Maxwell Telescope
(JCMT). Hughes et al. (2008) using SMA observations have
detected CO(2-1) emission at the level of 2.0±0.3 Jy kms−1.
Under the hypothesis of optical thinness and local ther-
mal equilibrium, Hughes et al. (2008), using the proportion-
ality relation between integrated intensity and gas mass, find
that the CO(2-1) SMA measurement corresponds to a CO
mass of 2.2×10−4 Earth masses. Using the same relation,
with coefficients adapted to CO(3-2) emission and assum-
ing a temperature of 50±10 K as suggested by Hughes et al.
(2008), our measured intensity of 7.1±0.4 Jy kms−1 trans-
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Figure 6. Radial dependence of the effective emissivity calculated under the hypotheses of optical thinness and invariance by rotation
about the disc axis. Left: CO(3-2) emission; the red histogram is obtained from the x>0 data, the blue histogram from the x<0 data.
Right: 350 GHz continuum (summing x<0 and x>0); the line is the third degree polynomial fit used in the model (note the offset zero
of the R axis). In both panels we use arbitrary units to measure the effective emissivity as only its shape matters here.
lates into a CO mass of 2.2×10−4 Earth masses that would
increase to ∼2.7×10−4 Earth masses using our crude esti-
mate of the short-spacing correction. Hughes et al. (2008),
using a model of thermal and chemical processes, find that
the surface temperature of the disc increases from ∼40 K
to ∼60 K when the distance to the star decreases from 200
au to 50 au, and increases by a factor 3 to 5 when moving
across the disc from surface to mid-plane, implying optical
thinness with axial CO column densities not exceeding a few
1015 molecules per square centimetre. Note that under the
hypothesis of CO being outgassed by colliding comet-like
bodies, the CO mass cannot be used to obtain a total gas
mass, the CO/H2 ratio being unconstrained and probably
orders of magnitude larger than the canonical value of 10−4.
4.2 Evidence for central attenuation of the
CO(3-2) emission
When attempting to model the line emission as described
in the next section, we fail to adjust the parameters of the
model to reproduce the narrow central dip observed in Fig-
ure 4. The present section aims at giving in simple terms
a clear picture of the reason behind it, leaving for the next
section a more rigorous treatment. Indeed no optically thin
model assuming rotation invariance about the disc axis can
do so; to show it, we first remark that under such assump-
tions the inclination of the disc, its thickness, whether it is
flared or not and beam convolution are to first order irrele-
vant to the argument. The point is simply that the emission
observed at large values of |x|, namely at large disc radii,
contributes more than what is observed along lines of sight
pointing to x = 0.
We define (Diep et al. 2016) the effective emissivity
ρ(x, y, z) as
ρ(x, y, z) = f(x, y, Vz)
dVz
dz
(1)
where f(x, y, Vz) is the flux density and Vz the Doppler ve-
locity defined earlier. It combines the contributions of den-
sity, temperature and optical thickness in a single quantity
at each point in space. It implies that the intensity measured
in a pixel (x, y) reads
F (x, y) =
∫
f(x, y, Vz) dVz =
∫
ρ(x, y, z) dz (2)
Neglecting disc inclination and disc thickness, and assuming
that the effective emissivity is invariant by rotation about
the disc axis (in practice it means that temperature and
density are invariant by rotation about the disc axis and
that the disc is optically thin) the intensity measured in an
interval dx reads, after integration over y
F ∗(x) dx =
∫
ρ∗(R) dz (3)
with F ∗ and ρ∗ being the integrals over y of F and
ρ and R =
√
x2 + z2 measuring the radius in the disc
plane. This integral equation is easily solved by steps from
large |x| values inward; the result is displayed in Figure 6
(left) and shows that ρ∗(R) needs to become negative for
R<∼0.5 arcsec in order to compensate for too strong emis-
sion at large distances from the star. This important result
demonstrates that UV dissociation of the CO molecules in
the vicinity of the star is not sufficient to account for the
deep and narrow depression of the measured CO(3-2) emis-
sion at small values of |x|. The assumption of invariance
of the effective emissivity by rotation about the disc axis
needs to be given up, allowing for significant attenuation of
the detected emission near x=0 (covering at least ∼1 arcsec
FWHM, meaning ∼60 au, in x). This may mean that either
optical thinness or azimuthal symmetry of the temperature
and/or density distributions are violated.
Guided by this result, we describe the x-dependence
of the measured intensity using a Gaussian form
A(x) = 1− λx exp(− 12x2/∆2x) to model the observed central
attenuation. Such a factor provides the required azimuthal
symmetry breaking in the simplest possible way. For any
given value of ∆x, we divide the observed intensity by A(x)
and adjust λx to have the solution of integral equation (3)
give an effective emissivity that cancels exactly at R = 0, as
it should. We obtain this way, for each value of ∆x, the cor-
responding value of λx and the associated radial dependence
MNRAS 000, 1–15 (2017)
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Figure 7. Morphology of CO(3-2) emission. Upper panels: x-distribution (left) and y-distribution (right) of F (x, y) integrated over y and
x respectively. The red histograms are the results of the best fit. Lower left panel: map of the velocity integrated intensity as measured
(colour) and as obtained from the best fit (contours). Note the different x and y scales. Lower right panel: family of curves describing the
radial dependence of the effective emissivity (before imposing attenuation); the index k varies from 0 to 1 from lower to higher emissivity;
the best fit curves are shown in red (velocity-dependent attenuation) and in blue (x-dependent attenuation).
of the effective emissivity. The latter are displayed in Figure
7 (lower right) as a one-parameter family of functions of an
index k simply related to ∆x.
4.3 A simple model of CO(3-2) emission
In the present section we aim at giving as simple as possi-
ble a model of the morphology and kinematics of the debris
disc of 49 Ceti. The very high quality of the data makes it
possible to do so more reliably than was previously possi-
ble. Our approach is therefore to use as little parameters as
possible, namely the minimal set required to describe a disc:
position angle, inclination, flaring angle and radial distribu-
tion. Of these the position angle, which is not correlated to
the other parameters, has been evaluated earlier and does
not need to be further adjusted. The radial distribution is
in principle obtained from the solution of integral equation
(3); however, the presence of an unexpected central attenua-
tion, together with the fact that integral equation (3) ignores
the effect of beam convolution, suggests giving some addi-
tional freedom to the radial distribution; we do so by using a
one-parameter family of functions as described at the end of
the preceding section and illustrated in Figure 7 (lower-right
panel). Moreover, the presence of a central attenuation im-
plies an additional factor in the model, for which we propose
two different forms, each requiring the introduction of two
additional parameters. The real justification of the adopted
approach is the excellent quality of the fits obtained to the
observed distributions. Such a pragmatic approach favours
working in the image plane rather than in the uv plane and
dealing with the effective emissivity rather than indepen-
dently with temperature, density and chemical composition.
The model integrates the modelled flux density over the line
of sight and accounts for beam convolution. Precisely, as ar-
gued and described below, three sets of data are jointly used
in the evaluation of χ2: the sky maps of the velocity inte-
grated intensity and of the mean velocity, and the global
velocity spectrum.
The regularity of the map of CO(3-2) emission and its
nearly perfect symmetry about the y axis make it unlikely
that rotation invariance about the disc axis be significantly
violated. Therefore, in constructing a model of the morphol-
ogy and kinematics of CO(3-2) emission, we assume rotation
invariance about the disc axis and symmetry about the disc
mid-plane. We also assume that the disc mid-plane is flat (no
warping) and that the disc is flared. However, as explained
MNRAS 000, 1–15 (2017)
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in the preceding section, these assumptions are somehow vi-
olated. In the model, we account for this violation by intro-
ducing an ad-hoc central attenuation that violates rotational
invariance, leaving for later a possible physical interpreta-
tion. An important constraint on the model is the need for
the CO column density along the line of sight pointing to the
star not to exceed ∼5×1012 cm−2 in order to account for the
HST observations of Roberge et al. (2014) but, in any case,
the thickness of the disc cannot be large: the deconvolved
value of the FWHM of the y distributions displayed in Fig-
ure 3, 0.53 arcsec, is easily accounted for by an inclination of
the order of 10◦, leaving little room for the disc thickness to
deviate from 0. We find it reasonable, under such conditions
to write the dependence of the effective emissivity on the
distance h to the disc mid-plane as
R−1exp(−1
2
h2/∆2h) with ∆h = ηhR (4)
where R, the radius measured in the disc plane, reads now
R = y/sin(i) − h/tan(i), and ηh is a parameter to be ad-
justed. The choice of a Gaussian form follows Hughes et al.
(2008) and is not critical, the smearing resulting from beam
convolution being relatively important.
The radial dependence of the effective emissivity is
taken from the family of radial functions obtained at the
end of Section 4.2 and displayed in Figure 7 (lower right
panel). We recall that correcting for the loss of acceptance
at large values of |x| increases the radial extension of these
functions by ∼0.2 arcsec.
In addition to the sky map of the velocity integrated
intensity, we also fit the sky map of the mean Doppler veloc-
ity and the Doppler velocity spectrum itself. As we want to
maintain good spectral resolution and large enough signal-
to-noise ratio, we find this more efficient than fitting each
individual data-cube element separately, at the price, how-
ever, of losing information on the detailed dependence of
the velocity profiles over the sky. We model the rotation
velocity as V0r
n, where V0 and n are two new parame-
ters to be adjusted and where r is the distance to the star,
r =
√
x2 + y2 + z2 =
√
R2 + h2. The morphology and kine-
matics are therefore described by five parameters: the incli-
nation i of the disc with respect to the line of sight, the index
k defining the radial dependence of the effective emissivity,
the flare parameter ηh describing the r-dependence of the
disc thickness and the velocity parameters V0 and n.
We are then left with the problem of modelling the ob-
served attenuation of the CO(3-2) emission in some ad-hoc
way.
The evidence obtained from mid-infrared observations
(Wahhaj et al. 2007) for a warm and fine-grained dust com-
ponent confined to the vicinity of the star suggests associ-
ating the attenuation with this region. Indeed, commenting
on their recent HST observation of the star, Roberge et al.
(2014) mention the possible presence of a central disc orbit-
ing the star, thicker than the molecular gas disc and deprived
of molecular gas but rich in atomic species. This suggests a
parameterization of the attenuation of the form
A(x, y) = 1− λ exp(−[x2/∆2x + y2/∆2y ]) (5)
with λ measuring the amplitude of the attenuation and ∆x
and ∆y measuring the extensions of the attenuation region
in x and y respectively. However, we find that good fits re-
quire ∆y to exceed ∆x, which is very surprising: if the cen-
tral mid-infrared emission is from a disc having the same
inclination as the gas disc, one would expect ∆y to be sig-
nificantly smaller than ∆x; the best fit to the CO(3-2) at-
tenuation requires instead that it be at least as large as
∆x. More precisely, Wahhaj et al. (2007) quote an inclina-
tion of the warm disc of 55◦ ± 20◦. If we insist to associate
the observed CO(3-2) attenuation with this disc, we expect
∆y/∆x ∼0.5±0.3, allowing indeed for large ∆y values, how-
ever smaller than ∆x. The radial extension of the molec-
ular disc along the y axis is only ∼3×sin(11◦)=0.6 arcsec
(∼40 au). What the result really implies is therefore simply
that the data give no evidence for any y dependence of the
attenuation. Accordingly, we simply model the attenuation
as
A(x) = 1− λx exp(−1
2
x2/∆2x), (6)
implying two additional parameters to be adjusted, λx and
∆x. However, in practice, it is very difficult to imagine a mor-
phology of the attenuation region that could be independent
of y. The point is that the attenuation needs to affect the
whole x ∼ 0 emission, including at large disc radii. Moreover
it must do so for y > 0 as well as for y < 0, in spite of the
fact that one of these regions corresponds to the half of the
CO disc in the foreground of the star and the other to the
other half of the CO disc, in the background of the star.
This difficulty suggests modelling the attenuation as a
function of frequency rather than as a function of x. In-
deed, the present situation is reminiscent of young proto-
planetary discs observed behind a cloud of in-falling gas (e.g.
Tuan-Anh et al. 2016). The difference is that the present at-
tenuation displays no Doppler shift with respect to the disc
rest frame, meaning negligible in-fall velocity, and, of course,
that the in-falling gas that formed the 40 Myr old 49 Ceti
should have disappeared since long. An important asset of
the new parameterization is that it naturally reproduces the
shape of the region of the sky affected by attenuation, its
extension to large values of |y| being no longer a problem.
We can therefore replace the form (6) used to model the
attenuation by a form
A(Vz) = 1− λV exp(−1
2
V 2z /∆
2
V ) (7)
with parameters λV and ∆V replacing λx and ∆x.
The model predictions are convolved with the beam
and compared with the observed values, the parameters
being adjusted to minimize χ2. We use an uncertainty
of 0.22 kms−1 on the mean Doppler velocities and of
14.6 mJy beam−1 kms−1 (1-σ) added in quadrature to a
10% relative uncertainty on the velocity integrated intensity.
There is some arbitrariness in these definitions; we scaled
the uncertainties in such a way to have each of the intensity
map, mean velocity map and velocity spectrum contribute
approximately equal amounts to the total χ2. We checked
that these choices have negligible influence on the results. In
practice we minimize χ2 = χ21 + χ
2
2 + χ
2
3 with each term de-
fined as the square of the difference between data and model
divided by the square of the relevant uncertainty as defined
above. Here χ21 is for the sky (clean) map of the velocity
integrated intensity, summed over its value in each of the
80×20 pixels; χ22 is similarly for the sky map of the mean
Doppler velocity; χ23 is for the Doppler velocity spectrum,
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Figure 8. Kinematics of CO(3-2) emission. Upper panels: x-distributions of the mean Doppler velocity for |y|<0.2 arcsec (left),
0.2 arcsec<|y|<0.4 arcsec (middle) and 0.4 arcsec<|y|<0.6 arcsec (right). The black histograms display the data and the red histograms
display the result of the best fit. Lower left panel: map of the mean Doppler velocity as measured (colour) and as obtained from the best
fit (contours); note the different x and y scales. Lower right panel: mean Doppler velocity distribution for data (black) and best fit (red).
Table 1. Best fit parameters of a simple disc model of CO(3-2) emission allowing for Vz-dependent (left-hand values) or x-dependent
(right-hand values) attenuation. The quoted uncertainties are for a 10% increase of χ2, leaving all other parameters free to vary.
Description Name Value
Intensity morphology
Inclination i (degrees) 11.1± 0.9
Flaring angle ηh (rad) 0.041
+0.028
−0.019
Radial dependence k 0.29+0.31
−0.22 0.70
+0.37
−0.22
Rotation velocity
Velocity at r=1 arcsec V0 (km s−1) 5.1± 0.1
Power index n −0.46+0.05
−0.02
Attenuation at small |Vz| or small |x| values
Amplitude λ 0.66±0.15 0.60±0.12
FWHM in Vz or x
2.355 ∆V (km s
−1)
or 2.355 ∆x (au)
1.5±0.5 49±17
χ2 per degree of freedom 0.76 0.80
summed over its value in each of 32 velocity bins. The mini-
mization of χ2 is straightforward and uses FORTRAN code
MINUIT (James & Roos 1975).
Given the simplicity of the model, very good fits are
obtained in either case, Vz-dependent or x-dependent atten-
uation. They are illustrated in Figures 7 and 8 and the best
fit parameters are listed in Table 1. The best fit radial de-
pendence of the effective emissivity (Figure 7, lower-right)
cancels below radii of 10 to 15 au, then rises sharply be-
fore decreasing with radius from ∼20 to 25 au onward. The
inclination of the disc, ∼11◦, is better constrained by the
data than the opening angle of the flaring, 5◦ to 6◦ FWHM.
Their values comfortably satisfy the need to leave a CO-free
region on the line of sight pointing to the star, as required
by the HST data of Roberge et al. (2014).
In both cases, attenuation is important, of the order
of 2/3 at maximum. Its extension in x, ∼50 au FWHM,
is smaller than that obtained by Wahhaj et al. (2007),
120±40 au, for the central warm disc. Its extension in Vz
is 1.5 kms−1 FWHM, significantly larger than the spectral
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resolution. It is remarkable that both attenuation models
produce nearly identical results for the other parameters,
with the exception of index k defining the radial dependence
of the effective emissivity, requiring a steeper dependence in
the case of x-dependent than of Vz-dependent attenuation.
This gives increased confidence in the robustness of the re-
sult. The value, ηh = 0.041
+0.028
−0.019 , corresponds to a flaring
angle of 5.5◦+3.8
−2.6 FWHM.
The rotation velocity of 5.1±0.1 kms−1 when inter-
preted in terms of a circular Keplerian orbit, gives a star
mass of 1.73±0.10 solar masses, to be compared with a
value of ∼2 solar masses, typical for this type of stars
(Zorec & Royer 2012). We checked that the position-velocity
diagrams associated with the x axis (y = 0 pixels) and y
axis (x = 0 pixels) are well reproduced by the model, in-
dependently from the form chosen for the attenuation (Vz-
dependent or x-dependent). However, the velocity profiles
obtained on the x axis near maximal intensity are signif-
icantly broader in the data than in the model, which as-
sumes a negligibly small line width; this is further discussed
in Section 4.5 below.
4.4 Absorption from a foreground cold cloud
The very good quality of the fits obtained in the preceding
section invites further comments on the credibility of the
suggested interpretation of the central attenuation as being
caused by absorption from a cold cloud in the foreground.
One might indeed imagine that the disc surrounding the
star is simply accreting gas from such a cloud. The absence
of detectable Doppler shift of the absorption would imply
that the cloud and the disc have Doppler velocities that dif-
fer by less than ∼1 kms−1. This strongly suggests that the
cloud would be closely related to 49 Ceti, probably a rem-
nant of the original core that formed the disc several 10 Myr
ago or a nearby companion core, sharing with it a common
parent cloud. The age of 49 Ceti is similar to both the aver-
age formation time and average life time of molecular clouds
(Larson et al. 1994; Mac Low et al. 2004), making such an
assumption plausible. CO accretion would then have to pro-
ceed toward the disc at a rate of 1021 to 1022 g/yr, namely
∼10−6 Earth masses per year which is necessary to compen-
sate for the loss of CO molecules (Zuckerman & Song 2012;
Moo´r et al. 2011). Such an accretion rate, compared with
the 2.7×10−4 Earth masses of CO gas contained in the disc,
means only a third of a per cent per year, the disc taking
∼300 years to renew itself. It is small enough to produce no
detectable effect on the gas Doppler velocity. The dynamic
of the disc would then be governed by two competing fac-
tors: gas accretion proceeding from outside inward and UV
dissociation proceeding from inside outward. In addition to
explaining why the properties of the gas disc resemble those
of a young accretion disc, such a picture would have the ad-
vantage of not having to resort to ad hoc braking and/or
excitation mechanisms for the gas molecules.
Unfortunately, such a model seems to be irreconcilable
with the FUV observations of Roberge et al. (2014). Ne-
glecting the emission of such a cloud, we can estimate which
column density it takes to produce a value of λ of 2/3, as
obtained from the best fit, meaning an optical depth τ of
ln 3=1.1. From the relation
N2 = ∆v τ
g2
g3
8pi f3/c3
A32 [1− e
−(E3−E2)
kT ]
(8)
where ∆v ∼ 1.5 kms−1 is the absorption line width,
c is the velocity of light, A32=2.6×10−6 s−1 is the
transition rate, f=345 GHz is the frequency, gJ=2J+1,
EJ/k =J(J+1)×2.77 K is the energy of level J, k is Boltz-
mann constant, T is the temperature taken equal to 10 K, a
reasonable value for such a molecular cloud, and N2 is the
column density for the J=2 level, we obtain N2=2.1×1015
cm−2. The CO column density NCO is then obtained from
the relation
NJ/NCO = (2J+1) exp(−EJ/kT ) 2.8/T (9)
giving NCO=8.0×1015 cm−2 and N3=0.57×1015 cm−2
Such a CO column density is much larger than the up-
per limit obtained by Roberge et al. (2014) from FUV HST
observations, ∼5×1012 cm−2. We are unable to think of a
reason that could explain such a discrepancy and we must
therefore conclude that the interpretation in terms of an
absorbing cloud in the foreground cannot be retained as a
sensible picture of the observed attenuation.
Finally, we note that the emission per beam F of such
a cloud, as obtained from the relation
F ∆v =
h cA32N3 Ω
4pi
(10)
where h=6.626×10−4 Jy cm2 s is Planck constant and
Ω=5.1×10−12 sr is the solid angle spanned by the beam,
would be F=80 mJy beam−1 compared with the noise level
of 8.8 mJy beam−1. Integrating over a 12×12 arcsec2 square
centred at the origin but excluding the region covered by
±4.2 arcsec in x and ±1.2 arcsec in y and accounting for the
zero-spacing problem correction, predicts a CO flux density
of ∼20 Jy to be compared with an observed flux density not
exceeding 2 Jy (3-σ upper limit), again conflicting with what
the model would imply.
4.5 Optical thickness and line width effects
Horne & Marsh (1986), and later Beckwith & Sargent
(1993) have underlined the importance of the contribution
of the velocity gradient to the shape of the global Doppler
velocity profile. The point is that different Doppler velocity
intervals correspond to regions of the disc having very differ-
ent areas: for a disc seen edge-on, both the smaller and larger
Doppler velocities are found near |x|=0 and correspond to
small areas while large |x| values relate to Doppler velocities
close to the rotation velocity at the outer edge of the disc and
correspond to large areas. More precisely, the outer wings of
the double-horned profile correspond to small crescent-like
regions near the disc centre, while the depression at small |x|
values corresponds to small-curvature arcs near the line of
sight pointing to the star. The horns correspond instead to
Doppler velocities of the order of the rotation velocity at the
outer edge of the disc and cover a broad spiral-like sector.
In a given pixel, the observed width of the Doppler ve-
locity profile receives two contributions: from the line width
proper and from the fact that the associated disc region
spans different rotation velocities (the Keplerian shear ef-
fect). If the former is significantly larger than the latter,
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Figure 9. Observed (black) and modelled (red) Doppler velocity
distributions are displayed as a function of Vz−<Vz> in three
intervals of |x|.
it smears the Doppler velocity distribution and Keplerian
shear is unimportant. If instead, as in the present case, the
line width is smaller than the Keplerian shear, the latter
dominates.
A property of the Keplerian shear effect is to depend on
optical thickness: if the disc has some significant geometrical
thickness, a large optical thickness implies that emission is
enhanced near the disc surface and the associated disc region
is accordingly modified. As a result, Beckwith & Sargent
(1993) find that the outer parts of the disc always domi-
nate the flux density at any Doppler velocity, the decrease
in brightness temperature being more than compensated for
by the increase in area at large radii. This result, along with
the sharply limited outer radius, causes the double-horned
profile and occurs for all discs for which the temperature falls
more slowly than r−1. In particular, in the case of typical T
Tauri accretion discs having masses of the order of 0.1 solar
masses, Beckwith & Sargent (1993) predict a global Doppler
velocity distribution increasing linearly from zero when the
Doppler velocity increases from 0 to the outer disc rotation
velocity. Such a profile is reminiscent of the profile observed
for CO(3-2) emission from 49 Ceti and raises the question
of its relevance to the present work.
However, we recall that the evidence obtained in Section
4.2 for attenuation of central velocities (or central |x| values)
rests on an argument using the intensity integrated over ve-
locities, which, in principle, has nothing to do with Keple-
rian shear. Yet, the similarity between Beckwith & Sargent
(1993) profiles and the 49 Ceti profile must make us cautious
and beware of possible indirect effects. A second remark is
that the outer edge of the gas disc of 49 Ceti is not as abrupt
as assumed in the model of Beckwith & Sargent (1993). A
third remark is that the inclination of the disc differs clearly
from zero, as found not only by the present analysis but also
by those of Choquet et al. (2016) and Roberge et al. (2014).
A fourth remark is that the gas disc of 49 Ceti is 8 or-
ders of magnitude less massive than the typical T Tauri disc
mentioned above. Both the analyses of Hughes et al. (2008)
and Roberge et al. (2013) conclude that it is optically much
thinner than the discs considered by Beckwith & Sargent
(1993). A fifth remark is that the Doppler velocity profile
of HD 21997 (Ko´spa´l et al. 2013) does not display a narrow
central dip as seen in 49 Ceti, in spite of a 200 times larger
CO mass and otherwise similar geometry and temperature.
A parameter of relevance to the present discussion is
the line width. Figure 9 compares observed line profiles with
modelled profiles obtained in section 4.3 in three intervals
of |x|: |x|<1 arcsec, 1<|x|<2 arcsec and 2<|x|<3 arcsec.
In each individual pixel the intensity distribution is shifted
and displayed as a function of Vz−<Vz>. The width of the
modelled line is exclusively due to the Keplerian shear effect
when integrating over the pixel, over the beam and over the
line of sight across the disc. Any difference between the ob-
served and modelled line widths must therefore be assigned
to an effective line width receiving contributions from the
intrinsic line width and from whatever additional effect may
be of relevance, such as imperfections of the model. In or-
der of increasing values of |x|, using Gaussian fits in each
interval, we find Keplerian shear line widths (obtained from
the model) of respectively 3.2, 1.8 and 0.9 kms−1 FWHM.
To obtain an estimate of the maximal values of the intrinsic
line widths that the data can accommodate, we subtract in
quadrature these Gaussian line widths, meant to account for
the Keplerian shear, from the observed line widths. We ob-
tain this way upper limits to the intrinsic line widths of
1.4±0.3, 1.2±0.2 and 0.8±0.1 kms−1 FWHM. Note that
thermal broadening is proportional to
√
T and is only 0.29
kms−1 FWHM at 50 K, while the spectral resolution is 0.1
kms−1, suggesting that other effects may contribute signifi-
cant broadening. Including in the model both thermal broad-
ening and an ad hoc small smearing of the direction of the
velocity vector would cause an increase of the effective line
width particularly important in the central disc region, as is
actually observed; however, we refrained from doing so as it
would not add much physics insight in the present state of
our understanding.
In summary, in spite of the intriguing similar-
ity between the Doppler velocity profiles obtained by
Beckwith & Sargent (1993) for T Tauri accretion discs and
the 49 Ceti profile displayed in Figure 5 (upper left panel),
we do not see how the arguments developed in the former
case could be of relevance to the present case.
5 FLUX DENSITY AND MORPHOLOGY OF
THE DUST EMISSION
We evaluate the flux density of continuum emission at 350
GHz (0.86 mm wavelength) by summing over all pixels ex-
ceeding 3σ’s, accounting for the Gaussian beam profile and
correcting for lower contributions by extrapolating under the
noise using the distribution displayed in Figure 1, giving
11.4±0.5 mJy, larger than the value of 8.2±1.9 mJy mea-
sured by Song et al. (2004) at 0.85 mm wavelength using
the JCMT (SCUBA). The correction for the loss of short
spacing cannot be reliably evaluated but is estimated, as
described in Section 2, at the level of ∼+5 mJy. In addition,
a normalization uncertainty of ∼10% associated with the
calibration of the absolute flux must be taken in account.
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Figure 10. 350 GHz continuum emission. Upper panel: map of
the measured (1-σ cut, colour) and modelled (contours) intensi-
ties. Lower panel: map of the intensity difference between data
and model. Note the different x and y scales
As previously noted by Hughes et al. (2008), the
above values are inconsistent with an earlier IRAM 1.2
mm measurement by Bockele´e-Morvan et al. (1994). But
Roberge et al. (2013) and Wahhaj et al. (2007) analyses of
dust observations predict a significantly larger 0.86 mm
emission of ∼19 mJy using a temperature of the cold compo-
nent (which is of relevance here) of T=65±1 K and an emis-
sivity power law index β=0.6±0.1. Between the low value
of Song et al. (2004) and the high SED estimates, our mea-
surement is not able to choose, the short-spacing correction
being insufficiently reliable.
The effective emissivity obtained by solving integral
equation (3) as done above for CO(3-2) emission and us-
ing a 1-σ cut is displayed in Figure 6 (right). While it might
suggest the presence of separated rings of dust, the peaks
nearly disappear when using a 3-σ cut: the signal to noise
ratio is insufficient to make a reliable claim for the presence
of such features. Below r ∼0.65 arcsec (∼40 au) the effec-
tive emissivity is found to be zero on average. Both x > 0
and x < 0 observations display significant inhomogeneity,
which we ignore for the time being: in the model we simply
use the third degree polynomial fit to the effective emissiv-
ity (Figure 6 right) obtained by solving integral equation
(3), thereby smoothing out the observed inhomogeneity. For
|x|<0.65 arcsec (∼40 au), it is set to zero.
We recall that correcting for the zero-spacing problem
would extend the radial distribution of the effective emissiv-
ity by ∼0.5 arcsec outward.
The morphology of the disc is then described by only
two parameters, the inclination i with respect to the line of
sight and a parameter ∆h = ηhR describing the dependence
of the effective emissivity on the distance h to the disc mid-
plane, which we write as a flared Gaussian as in Relation
Figure 11. 350 GHz continuum emission. Dependence on x (left)
and on y (right) of the continuum intensity as observed (black)
and as obtained from the best fit (red).
(4). The best fit gives a χ2 of 0.84 per degree of freedom
and is illustrated in Figures 10 and 11. The minimisation
of χ2 is limited to pixels in which the measured intensity
exceeds 0.055 mJy beam−1, which explains the small irregu-
larities observed in the model prediction. The best fit values
of the parameters are i=11.1◦±1.4◦ and ηh=0.10±0.06 cor-
responding to a flaring angle of 14◦ ± 8◦ FWHM; the gas
and dust discs share a same inclination with respect to the
line of sight while the latter is approximately twice as thick.
However, important uncertainties are attached to the values
of ηh for both discs, the gas value covering the range be-
tween 0.02 and 0.07, the dust value between 0.04 and 0.16:
the data do not strongly constrain the values adopted to
describe the disc thickness. Here, as in the CO(3-2) case,
uncertainties are defined by a 10% increase of χ2, providing
a precise evaluation of the sensitivity of the fit quality to
the parameter values and giving a realistic estimate of the
errors attached to them. We checked that the parameters
obtained for the best fit are essentially unchanged when the
polynomial form used to describe the radial dependence of
the effective emissivity is varied within reasonable limits.
We note, on both Figures 10 and 11, a small excess of
the observed intensity at x-values of ∼ ±4 arcsec (240 au)
that might indicate the presence of a dust ring surround-
ing the disc; however higher sensitivity observations would
be necessary to confirm or infirm such an assertion. More-
over, we recall that at such large distances from the star the
correction for acceptance loss due to lack of short enough
baselines becomes large, corresponding to an increase of the
radial extension of the disc reaching ∼0.5 arcsec.
6 SUMMARY AND DISCUSSION
6.1 Summary
We have presented a number of new results on the 350 GHz
continuum and 12CO(3-2) emissions of the debris disc of
49 Ceti.
1. Contrary to what had been assumed earlier, contin-
uum and CO(3-2) emissions are not co-spatial although both
share a same position angle of ∼17.5◦ and a same inclination
angle with respect to the line of sight, 11.1◦ ± 0.9◦ for the
gas and 11.1◦ ± 1.4◦ for the dust. The acceptance-corrected
radial extension of the CO disc, ∼20 au to ∼210 au, is more
central than that of the dust disc, ∼40 au to ∼280 au. A very
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recent VLT observation (Choquet et al. 2016) that appeared
after completion of the present work confirms these results.
Both disc thicknesses are described by flared profiles having
flaring angles of respectively 5.5◦+3.8
−2.6 FWHM for the gas and
14◦±8◦ FWHM for the dust. The CO disc is thin enough to
account for the HST observations of Roberge et al. (2014).
In both cases there is room for some ambiguity between in-
clination angle and disc thickness.
2. CO(3-2) emission is observed to be very homogeneous
and symmetric, leaving room for only small deviations, such
as disc warping or density/temperature lumps, with respect
to what is expected from a thin flared disc, symmetric about
both the disc axis and the disc mid-plane. On the contrary,
continuum emission displays spatially resolved lumps (lower
panel of Figure 10), which we did not attempt to model.
3. Strong evidence has been obtained for a deficit of ob-
served CO(3-2) emission in the central x region, at variance
with continuum emission. Its extension on the sky covers
the whole y range and some 50 au FWHM in x, smaller
than the warm central emission observed in mid-infrared
by Wahhaj et al. (2007). We find it more natural to model
the attenuation as resulting from absorption of the central
frequencies, as would be the case if the CO disc were seen
behind a cold cloud in the foreground, exactly at rest with
respect to the star. The absorption covers a Doppler velocity
range of 1.5±0.5 km s−1 FWHM.
4. The quality of the fits obtained with an ad hoc de-
scription of the observed attenuation mimicking absorption
from a foreground cloud might suggest taking such an in-
terpretation seriously. In that case the observed gas disc of
49 Ceti would simply be fed by accretion from such a cloud
at a slow rate implying ∼300 yr to renew the whole gas
content. The resulting accretion rate would be too small to
be detectable on the Doppler velocity profile. This would
explain the primordial apparent properties of the gas disc
without resorting to colliding comet-like bodies. However,
such a simple interpretation cannot be retained as it con-
flicts with the absence of CO absorption line in the HST
data of Roberge et al. (2014), the cloud CO column density
being ∼8×1015 molecules per square centimetre, over three
orders of magnitude above the detectable level. Also, no CO
emission is detected from the region surrounding the disc
where the cloud would be expected to contribute.
5. We have presented models of the radial dependence
of the effective emissivity of both CO(3-2) and continuum
emissions. In the former case, the strong central attenuation
makes it difficult to trace it reliably at small distances from
the star. CO(3-2) emission is found to rise toward small radii
more than continuum emission does. It is associated with the
need to compensate for attenuation: a narrower attenuation
region would imply a less steep radial dependence of the
CO(3-2) effective emissivity.
6. Values of the intensities integrated over the source
size but not corrected for the loss of short spacing have been
given for both CO(3-2) emission, 7.1±0.4 Jy km s−1, and
continuum emission, 11.4±0.5 mJy. Crude estimates of the
short spacing correction have been given at the respective
levels of 1.6 Jy kms−1 and 5 mJy. The gas value is in good
agreement with the value measured earlier by Dent et al.
(2005) but the dust value is larger than that measured by
Song et al. (2004) and close to the predictions of the disc
models proposed by Hughes et al. (2008) and Roberge et al.
(2013), according to which the CO mass of the disc is be-
tween ∼2×10−4 and ∼10−3 Earth masses and the 0.86 mm
SED value is ∼19 mJy. The crudeness of our estimated short
spacing correction prevents a reliable resolution of this ap-
parent disagreement, which will require new lower resolution
observations. The use in the present work of an effective
emissivity to model the detected emission mixes the effects
of temperature and density and the new results do not jus-
tify repeating the detailed analysis that Hughes et al. (2008)
and Roberge et al. (2013) have made of the disc structure
and chemistry for both gas and dust.
7. Kinematics has been found to be Keplerian over
a very broad range of distances from the star, typically
20 au to 200 au, with a power index of −0.46+0.05
−0.02 and
a rotation velocity of 5.1±0.1 kms−1 at a distance of 60
au (1 arcsec) from the star, corresponding to a masss of
1.73±0.10 solar masses for the central star. The observed
line width was observed to be dominated by Keplerian shear
over most of the disc volume and upper limits to the in-
trinsic line width (FWHM) have been evaluated, decreasing
from 1.4±0.3 kms−1 for |x|<1 arcsec to 0.8±0.1 kms−1 for
2<|x|<3 arcsec.
6.2 Implications on the disc structure and
chemistry (Hughes et al. 2008)
The very detailed analysis of the chemistry that governs
the morphology and temperature of the disc that was made
by Hughes et al. (2008) remains essentially valid. However,
some of the assumptions made by these authors need now to
be modified: the inclination angle with respect to the line of
sight is definitely non zero; the dust extends to significantly
larger distances from the star than the gas does, both ra-
dially and axially; the inner radius of the gas disc is nearly
equal to the gravitational radius, ∼20 au, rather than twice
this value; the lumpiness of the dust disc contrasts with the
smoothness of the gas disc; the apparent warping of the gas
disc suggested by the SMA data is not confirmed by the
ALMA data; the central attenuation, for which the ALMA
data gives strong evidence, can no longer be ignored.
Yet, the analysis made by Hughes et al. (2008) of the
factors governing the physics and chemistry of the gas and
dust discs remains perfectly pertinent, in particular concern-
ing the flaring, the temperature dependence predicted by
their best fit model, both across the disc and along its ra-
dius and the identification of the cooling mechanisms as due
in particular to atomic species [OI] and [CII]. Their conclu-
sion that the disc is optically thin remains valid, the more so
now that evidence for a significant inclination with respect
to the line of sight has been obtained, and we do not see how
optical depth effects within the disc could cause the strong
central attenuation that is observed. While the possibility for
the gas to be primordial is no longer tenable with the new
evaluation of the age of the disc (Zuckerman & Song 2012),
the argument of Hughes et al. (2008) in favour of gas clear-
ing proceeding from the centre out by photo-dissociation
from the star remains valid. The remark that the densities
in the disc are too low for efficient gas-dust coupling, imply-
ing that the gas temperature is governed by photoelectric
heating and line cooling, is comforted by the observed dif-
ferences between the gas and dust morphologies. The Kep-
lerian regime observed to govern the kinematics over most
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of the disc volume, with no sign of inhomogeneity, presents
now a stronger challenge to models that deny the primordial
origin of the gas.
6.3 Implications on the picture of colliding
comet-like objects (Zuckerman & Song 2012)
The new ALMA observations presented here provide im-
portant information that help refining and/or clarifying the
model proposed by Zuckerman & Song (2012). The model is
motivated by the need to cope with the short lifetime of CO
molecules against photo-dissociation, at the kyr scale, com-
pared with the age of the disc, ∼40 Myr, imposing rapid and
permanent production of CO, faster than dust production.
The large dustiness (49 Ceti ranks among the 1-2% dustiest
of nearby A-type stars having infrared emission dominated
by Kuiper Belt analogue) argues in favour of a very mas-
sive reservoir of colliding, CO-rich, comet-like bodies as the
source of CO production. Zuckerman & Song (2012) demon-
strate the validity of such a picture with a toy model used
as illustration. Scaling from the Kuiper Belt, the toy model
uses a comet reservoir shaped as a flared ring, with an in-
ner radius of 100 au, an outer radius of 150 au, a surface
density proportional to r3/2, a mass of 400 Earth masses, a
total content of 2.4×1014 comets, each 1 km in diameter and
experiencing 5×106 collisions per year. The model assumes
that 50% of the mass of a typical comet is water ice, that CO
and CO2 account for 10% each, and that photo-dissociation
of CO2 yields a CO molecule. When two comets collide, 50%
of the total mass becomes debris consisting of CO, CO2, and
solid material composed primarily of equal amounts by mass
of water ice and silicates. The proto-planetary disc must
have had a mass of a few tenths of a solar mass and a gas
to dust ratio of at least 20% for the total mass of CO and
CO2 to add up to ∼80 Earth masses. The CO production
rate is found to exceed the dust production rate by an order
of magnitude, a result of the much shorter time it takes to
release large amounts of CO following a disruptive impact
compared to the time it takes to reduce a large chunk of
solid debris down to 10 µm-size particles. With such a set
of parameters, the amount of CO outgassed is more than
enough to produce the measured 3×10−4 Earth masses.
Such a model implies therefore that the outgassed CO
is a better tracer of comet collisions than the dust, which
takes time to cascade down to detectable grain sizes. How-
ever, it seems difficult to reconcile this idea with the quiet
and smooth Keplerian regime that governs the disc over
most of its volume. Nothing in the morphology of the gas
gives a hint about the location where comet collisions take
place. If anything, the present observations suggest that the
ring of colliding comets is probably more central than in the
toy model. As remarked by Roberge et al. (2014), this re-
quires a braking mechanism preventing CO from escaping
too quickly. Their observation of carbon overabundance in
49 Ceti induces them into suggesting a braking mechanism
similar to that used by Ferna´ndez et al. (2006) to explain the
same phenomenon in β Pictoris: the idea is that the ionized
gas, in amount comparable with the neutral gas, couples into
a single ionic fluid with an effective radiation pressure coeffi-
cient, and that carbon overabundance lowers the coefficient,
keeping the whole gas disc bound to the star. The observa-
tions presented here may be at least qualitatively consistent
with such a picture but the proposed braking mechanism
needs to be particularly efficient to allow for such a large
radial extension of the thin Keplerian gas disc.
The different morphology of the inner parts of the gas
and dust discs, as observed in the present data, would sug-
gest that most of the outgassing happens close to the star,
the dust taking some time to cascade-fragment to a de-
tectable size, at the same time as it drifts away to larger
radii. Note that the angular area of the sky covered by
2×1014 opaque objects randomly distributed, each 1 km in
diameter, is ∼0.01 au2, too small to cause a significant ob-
scuration; when fragmented into 1 m diameter opaque ob-
jects, they cover 10 au2, but they would obscure preferen-
tially half of the central part of the disc, the part which is in
their background; the part in the foreground would be less
affected, contrary to what is observed.
The above model brings another new question: How are
the CO molecules excited if the amount of H2 is orders of
magnitude lower than in normal ISM? Zuckerman & Song
(2012) suggest that electrons, freed from the ionization of the
copious carbon atoms, might be the answer. High resolution
detection of atomic species over the whole disc would be
necessary to answer this new question.
What happens near the star remains an open question:
one needs to understand what relates the belt of colliding
comets and the warm, fine-grained, atomic-species-rich dust
component observed in mid-infrared.
6.4 Comparison with other debris discs
A recent review of so-called hybrid debris discs, contain-
ing both gas and dust, has been recently compiled by
Pe´ricaud et al. (2016). As was mentioned in the introduc-
tion, CO emission has been detected from four other debris
discs, β Pictoris (Ferna´ndez et al. 2006; Dent et al. 2014),
HD 21997 (Moo´r et al. 2011, 2013; Ko´spa´l et al. 2013),
HD 141569 (White et al. 2016) and HD 131835 (Moo´r et al.
2015). Table 2 lists a few relevant parameters.
The morphology of the gas discs, and of the dust discs
when available, are remarkably similar. In both the 49 Ceti
and HD 21997 cases, where both gas and dust discs have
been observed with high spatial resolution, the inner radius
of the gas disc is significantly smaller than that of the dust
disc.
While dust masses span only one order of magnitude,
gas masses span four orders of magnitudes. HD 21997 is the
disc that contains most gas, with a gas to dust ratio ap-
proaching unity, followed by HD 141569, with a gas to dust
ratio of 5%. HD 131835 and 49 Ceti have gas to dust ratios
at per mil level and β Pictoris below 4×10−4. When taking
the age in consideration, 49 Ceti and HD 21997 stand out
as having much larger relative amounts of gas. For the three
other discs, which are younger, the primordial gas scenario
is more tenable. However, if one accepts the interpretation
given by Moo´r et al. (2013) and Ko´spa´l et al. (2013) of the
HD 21997 disc being made of a mixture of primordial gas
and secondary dust, there is no reason not to accept it as
well for 49 Ceti, which is only 10 Myr older and contains
only three times as much dust but 300 times less gas.
The disc of β Pictoris shares with that of 49 Ceti the
peculiarity of having a strong carbon excess but its morphol-
ogy is so different from that of 49 Ceti, for both gas and dust,
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Table 2. Debris discs with CO emission. Numbers have been rounded and/or averaged; references should be consulted to obtain actual
values. The dust mass is estimated over the whole FIR range.
Star name
Age
(Myr)
Dust mass
(10−3 MEarth)
CO mass
(10−3 MEarth)
Rgas in/out
(au)
Rdust in/out
(au)
Tdust
(K)
49 Ceti 40 300 0.3 20/210 40/280 70/170
HD 21997 30 90 60 30/140 60/150 60
β Pictoris 16 80 0.03 50/160 − 80-100
HD 131835 16 500 0.5 35/120 35/310 70/180
HD 141569 5 40 2 30/210 10/210 −
and its gas to dust ratio is so much smaller in spite of its
younger age, that it seems difficult to pursue the compari-
son farther. Indeed, as argued by Dent et al. (2014), the disc
of β Pictoris is dominated by the presence of a gas clump,
which they interpret as a region of enhanced collision either
from a mean motion resonance with an unseen giant planet
or from the remnants of a collision of Mars-mass planets.
Nothing of that kind is present in the disc of 49 Ceti.
Finally, 49 Ceti is unique in displaying a strong attenu-
ation in the centre of the Doppler velocity spectrum, clearly
absent from HD 21997 and HD 141569, the only two other
discs for which accurate spectra are available.
One cannot be satisfied with unrelated ad hoc explana-
tions meant to solve each individual puzzle separately; one
needs instead a picture that explains the whole set of obser-
vations as simply and coherently as possible (Pe´ricaud et al.
2016). New probes should be used to explore the discs, in-
cluding their central region, with high spatial and spec-
tral resolutions; in particular, ALMA observations of atomic
species and of CO emission from other excitations than
CO(3-2), such as CO(1-0) and CO(7-6), would be an impor-
tant asset. In addition, one needs a detailed understanding
of the evolution of the molecular cloud from which 49 Ceti
was formed.
6.5 Conclusion
In summary, we have presented a rich set of new obser-
vations making use of the high sensitivity and excellent
spectral and spatial resolutions of ALMA, which contribute
significant addition to our knowledge of the debris disc of
49 Ceti. We have found evidence for a strong central at-
tenuation of CO(3-2) emission, which we have shown to be
well described by absorption from a cold gas cloud in the
foreground. However, such a description conflicts with the
FUV observations of Roberge et al. (2014) and cannot be
retained. The evidence for a deficit of the observed CO(3-2)
emission for Doppler velocities approaching the systemic ve-
locity is strong and calls for a plausible mechanism that
could cause it.
We noted an intriguing similarity between the Doppler
velocity profile of CO(3-2) emission and those studied by
Beckwith & Sargent (1993) for the accretion discs of T Tauri
stars, described as the combined effect of Keplerian shear
and optical thickness; however, we were unable to extend
such a description to the case of 49 Ceti in a sensible way;
yet, we cannot exclude that some combination of geometry,
temperature and density, with important optical thickness
effects, could explain the effect; we were simply unable to
think of one that could make sense.
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